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1. Abstract
After a brief introduction to the physics of bulk strange quark matter (SQM) this
review focuses on the properties of low baryon number strangelets presently searched
for in ultra-relativistic heavy-ion experiments at CERN and Brookhaven. Shell-model
calculations reveal interesting (meta)stability properties in the experimentally acces-
sible regime. A liquid drop model (Fermi-gas model) is shown to explain the over-
all behavior of the mode-lling calculations, leading to a physical understanding of
strangelet properties, which can be generalized to non-zero temperature and pressure.
2. Introduction
While nuclei with baryon number close to that of iron (A = 56) are normally
assumed to be the lowest energy state of hadronic matter (E=A  930MeV), it has
long been realized
1
, that systems composed of a conned Fermi-gas of up, down, and
strange quarks could have an even lower energy per baryon, thus being absolutely
stable. The reason is simple: It is experimentally known, that ordinary nuclei are
stable relative to systems of up and down quarks, but a lower energy per baryon
can be reached by introducing a third Fermi-sea; that of strange quarks. To create
a more stable system, the energy gained must rst compensate for the mass of
the strange quark, but since the typical Fermi-energies involved are m
nucleon
=3 
310MeV, this can be the case if the strange quark is not too massive (the current
mass of the strange quark is believed to be 100{300 MeV).
Estimates like these were published by Witten
2
in 1984, whereas more detailed
calculations like those shown in Figure 1 were rst performed by Farhi and Jae
3
,
also 10 years ago. Those papers dened the birth of strange quark matter physics.
Since then signicant progress has been made in the study of the physics and as-
trophysics of SQM. Much of this work has been theoretical, but fortunately the
experimental situation is now improving in the search for cosmic ray strangelets,
and for strangelets produced in ultra-relativistic heavy ion collisions at CERN and
Brookhaven. Ref.
4
contains a general overview of the eld and an extensive list of
references. For recent reviews on experiments, see Ref.
5
and Shiva Kumars contri-
bution to the present volume. A recent review on theory and astrophysics is given
in Ref.
6
Most SQM calculations have been made within the MIT-bag model, which de-
scribes bulk systems in terms of 3 parameters: The bag constant, B, which is a
measure of the false vacuum energy that connes the quarks (B thus in practice
acts like an external pressure on the bag); m
s
, the strange quark mass (up and down
quarks are normally assumed to be massless); and 
s
, the strong ne-structure con-
stant, which describes one-gluon exchange interactions.
Figure 1. Energy per baryon for bulk SQM as a function of bag constant and strange quark mass.
The strong ne-structure constant is set to zero. Non-zero 
s
roughly corresponds to a rescaling to
lower B.
Neither of these parameters are known with sucient accuracy from experi-
ments, so there is some freedom in the construction of SQM models. Fits to the
ordinary hadron spectrum have been used to constrain the parameters, but it is
not obvious
3
that these values are the relevant ones for larger assemblies of quarks,
so normally the properties of SQM are studies as a function of these 3 parameters.
For most purposes a non-zero 
s
can be \absorbed" in a reduction of B, so in the
following I shall concentrate on 
s
= 0. Here a lower limit on B (B
1=4
> 145MeV)
comes from the stability of ordinary nuclei relative to up-down quark matter (or-
dinary nuclei do not spontaneously decay into strangelets since this would require
a high order weak interaction to make sucient numbers of strange quarks). As
Figure 1 illustrates, a bag constant smaller than (164MeV)
4
permits stable bulk
SQM for suciently low m
s
, whereas the metastability window relative to a gas of
's goes to (195MeV)
4
. Whereas stability would be of signicant interest in con-
nection with the early Universe and in compact objects like neutron stars (see the
contributions by Alcock, Weber, and Heiselberg, and the review in
6
), the metasta-
bility window, which is also interesting (but less conspicuous) for astrophysics, is
clearly much larger. Interestingly, this window is probably within reach in ultra-
relativistic heavy-ion collisions, because strangelets stable on a weak interaction
time scale may have sucient time to reach the detectors, even though nite-size
eects destabilize strangelets relative to bulk SQM. In the following I shall focus on
the physical properties of (meta)stable strangelets, in particular those with baryon
number A < 100.
3. Shell model
The most important property of a strangelet is the mass (or energy per baryon).
A calculation involving mode-lling in a spherical MIT-bag was rst performed
by Farhi and Jae
3
, and later by Greiner et al.
7
A detailed study for ud-systems
was done by Vasak, Greiner and Neise
8
. Gilson and Jae
9
published a thorough
investigation of low-mass strangelets for 4 dierent combinations of s-quark mass
and bag constant with particular emphasis on metastability against strong decays,
and Madsen
10
studied a wider range of parameters and explained the results in
terms of a liquid drop model.
In the MIT bag model
11
non-interacting quarks are conned to a spherical cavity
of radius R. They satisfy the free Dirac equation inside the cavity and obey a
boundary condition at the surface, which corresponds to no current ow across the
surface. The bag itself has an energy of BV . In the simplest version the energy




































































(x)  < 0
(3)
For states with quantum numbers (j; l)  takes the values  = (j+
1
2




For a given quark avor each level has a degeneracy of 3(2j + 1) (the factor 3 from
color degrees of freedom). For example, the 1S
1=2
ground-state (j = 1=2, l = 0,
 =  1) for a massless quark corresponds to solving the equation tanx = x=(1 x),
giving x = 2:04. The ground state has a degeneracy of 6.



















for massless quarks are tabulated by Vasak et al.
8
For massive quarks the level lling scheme is more cumbersome. Fixing bag
constant and quark-masses, for each baryon number one must ll up the lowest
energy levels for a choice of radius; then vary the radius until a minimum energy is
found (@E=@R = 0). Since levels cross, the order of levels is changing as a function
of R.
Results are shown in Figure 2. One notices that the energy per baryon smoothly
approaches the bulk limit for A ! 1, whereas the energy grows signicantly for
low A. For low s-quark mass shells are recognized for A = 6 (3 colors and 2 spin
orientations per avor), and less conspicuous ones e.g. for A = 18, 24, and 42.
As m
s
increases it becomes more and more favorable to use u and d rather than
s-quarks, and the \magic numbers" change; for instance the rst closed shell is seen
for A = 4 rather than 6.
Figure 2. Energy per baryon (in MeV) for strangelets for a bag constant of (145MeV)
4
(the \most
optimistic" choice allowed in terms of strangelet stability; cf. Sec. 1). Up and down quark masses are
set to zero, whereas the strange quark mass is varied from 50{300 MeV in steps of 50 MeV (lowest
curve corresponds to lowest mass). The gure to the left shows a blow-up for low baryon numbers.
Further details are given in the text.
Figure 3. Contour plot of the energy per baryon for strangelets (in MeV) for the same parameters
used in Fig. 2, with the strange quark mass xed at 100 MeV, and the baryon number xed at 20.
Total charge (equal to the number of up quarks less the baryon number) is given on the abscissa,
number of strange quarks on the ordinate. A total of 1891 strangelet states are included.
Equation (1) can be modied by inclusion of Coulomb energy, zero-point uc-
tuation energy, and color-interaction energy. The zero-point energy is normally
included as a phenomenological term of the form  Z
0
=R, where ts to light hadron
spectra indicate the choice Z
0
= 1:84. This was used, for instance, by Gilson and
Jae
9
. Roughly half of this phenomenological term is due to center-of-mass motion,


























is not straightforward. As
discussed by Farhi and Jae
3
the values are intimately coupled to B and m
s
, and
it is not obvious that values deduced from bag model ts to ordinary hadrons are
to be preferred. For reasonable parameter values one sees a signicant eect of the
zero-point energy for A < 10, but the term quickly becomes negligible for increasing
A. The reason for this will be explained in Section 4.
Figure 4. Contour plot of the energy per baryon for strangelets (in MeV) for the same parameters
used in Fig. 3, except that in the right-hand plot masses of 5 and 10 MeV have been assumed for
the up and down quarks. Only states with energy per baryon below 940 MeV are shown.
Mode-lling calculations as discussed so far have focused on nding the ground
state properties of strangelets, i.e. the lowest mass state for a given baryon number,
A. Figures 3 and 4 instead xes A = 20 and displays contours of equal E=A for
the whole range of possible strangelets with that baryon number (a total of 1891
states). What is quite interesting (and worrying) from an experimental point of
view is the close spacing of states around that of minimum energy. More than a
hundred dierent states are within 10MeV per baryon from the ground state. The
ground state itself has slightly positive charge for the present choice of parameters,
but neutral as well as negatively charged states are very close in energy. Many of
these states will be stable against strong decays, and since some weak decays are
suppressed by Pauli-blocking, presumably many dierent congurations could be
suciently long-lived to reach the detectors. This may be good from a production
point of view, but also means that (apart from the large uncertainties inherent in
the theoretical model itself) there is not going to be a single well-dened strangelet
signature, but rather numerous (meta)stable states and many more possible decay
modes!
4. Liquid drop model
Shell-model calculations are rather tedious. For many applications a global
mass-formula analogous to the liquid drop model for nuclei is of great use, and it
also gives a physical understanding of the general properties.
An investigation of the strangelet mass-formula within the MIT bag model was
performed by Berger and Jae
12
. They included Coulomb corrections and surface
tension eects stemming from the depletion in the surface density of states due to
the mass of the strange quark. Both eects were treated as perturbations added
to a bulk solution with the surface contribution derived from a multiple reection
expansion.
While showing some of the important physics, this approach (apart from Coulomb
corrections) predicts constant E=A versus A for m
s
! 0 and m
s
! 1, in striking
contrast to the shell model results. Recently it was pointed out that another contri-
bution to the energy, the curvature term, is dominant (and strongly destabilizing)
at baryon numbers below a hundred
13;14;10




I will concentrate on systems small enough (A  10
7
) to justify neglect of
electrons. Strangelets with A 10
7
are smaller than the electron Compton wave-
length, and electrons are therefore mainly localized outside the quark phase
3
. Thus
strangelets do not obey a requirement of local charge neutrality, as was the case for
SQM in bulk. This also leads to a small Coulomb energy, which is rather negligible
for the mass-formula (less than a few MeV per baryon), but which is decisive for the
quark composition and therefore the charge-to-mass ratio, Z=A, of the strangelet.
A characteristic of strangelets, which is perhaps the best experimental signature, is
that this ratio is very small compared to ordinary nuclei. Indeed, for m
s
= 0 the
ground state strangelet has equal numbers of all three quark avors and is therefore
charge neutral. Whereas Coulomb eects have been consistently included
14
, I will
leave out those terms in the equations below.
In the ideal Fermi-gas approximation the energy of a system composed of quark



















denote thermodynamic potentials, total number of quarks, and
chemical potentials, respectively. B is the bag constant, V is the bag volume.
In the multiple reection expansion framework of Balian and Bloch
15
, the ther-

























































































































































































































































































































Figure 5. Shell-model and liquid drop model calculations are compared for a bag constant of
(165MeV)
4
with massless up and down quarks, and strange quark mass varied in the range 50{
350 MeV in steps of 50 MeV.
The curvature terms have not been derived for massive quarks, but as shown by
Madsen
10






































). Furthermore, the expression gives perfect ts
to mode-lling calculations (see Figures 5 and 6). From Eq. (14) one derives the



























































































are non-zero for massless quarks in contrast to the sur-
face terms. Thus not only s-quarks, but to an even higher degree u and d-quarks
contribute signicantly to the nite-size eects.
With these prescriptions the dierential of E(V; S;C;N
i


















Minimizing the total energy at xed N
i


























The \optimal" composition is found by minimizing the energy with respect to N
i









Together with Eq. (5) these constraints give the properties of a spherical quark
lump in its ground state.
The solution is compared with the shell model calculations in Figures 5 and 6.
The ts are remarkably good, indicating that all the important physics (apart from
the shells) can be understood in terms of the surface and curvature contributions.
5. Bulk approximation
Simpler, approximate mass-formulae can be derived by using a bulk approxima-
tion to the chemical potentials. Including bulk terms only, the energy minimization,















































































































is the bulk energy per baryon. One may
approximate the energy per baryon of small strangelets as a sum of bulk, surface









































. Examples for B
1=4
= 145MeV are
(with s-quark mass given in parenthesis; all energies in MeV)





























The bulk approximations above are generally good to better than 2MeV for
A > 100, 5MeV for A  50, 10MeV for A  10 and 20MeV for A  5, when
compared to the perfect t of the liquid drop model (see Figure 6). They always
undershoot relative to the correct solution. This is because the actual chemical
potentials of the quarks increase whenA decreases, whereas the bulk approximations
use constant . For massless s-quarks the expression for (0) scales simply as
B
1=4




=3, where no s-quarks are present;
in the example above the scaling can be applied to (300). For intermediate s-
quark masses no simple scaling applies. For instance, if B
1=4
= 165MeV one nds









eects were not included above. Their inclusion would have no inuence form
s
! 0,
but would change the results by a few MeV for large m
s
.
In connection with the shell-model calculations I described the eects of a zero-
point energy of the form  Z
0
=R, and claimed that it was important only for A < 10.
This can be understood in the bulk approximation of constant , because the zero-







surface and curvature energies. The full term to be added to the bulk approximation








































 100MeV and c
curv

300MeV (the Coulomb energy is negligible in comparison, because strangelets are
almost neutral), the stability condition E=A < m
n































Stability at baryon number 30 requires a bulk binding energy in excess of 65 MeV,
which is barely within reach form
s
> 100MeV if, at the same time, ud-quark matter
shall be unstable (see Figure 1). The proposed cosmic ray strangelet-candidates
with baryon number 370
16
would for stability require a bulk binding energy per
baryon exceeding 20 MeV to overcome the combined curvature and surface energies.
Absolute stability relative to a gas of
56
Fe corresponds to furthermore using 930 MeV
instead of m
n
, whereas stability relative to a gas of -particles (the ultimate limit




One can also calculate the minimumbaryon number for which long-livedmetasta-











































> 30MeV, which is possible, but only for a
narrow range of parameters.
However, it is important to notice, that shell eects can have a stabilizing eect.
As stressed by Gilson and Jae
9
the fact that the slope of E=A versus A becomes
very steep near magic numbers can render strangelets that are metastable (stable
against single baryon emission) even for 
0
> 930MeV. Also, the time-scales for
energetically allowed decays have not been calculated. The existence of small baryon
number strangelets is ultimately an experimental issue.
Figure 6. Shell-model and liquid drop model calculations are compared for a bag constant of
(145MeV)
4
with massless up and down quarks, and strange quark mass varied in the range 50{
300 MeV in steps of 50 MeV. For each set of calculations the lower smooth curve is the bulk
approximation to the liquid drop model, whereas the upper smooth curve is the full liquid drop
model.
6. Lessons for experiments
The lessons for experimental strangelet searches can be summarized as follows:
1) (Meta)stable strangelets are possible.
2) Energy per baryon, charge etc are strongly parameter dependent (though
normally jZj  A).
3) A liquid drop model (Fermi-gas model) explains the general properties. Cur-
vature is a decisive eect.
4) Strangelets have prominent shell structure for low A.
5) Many isotopes are almost degenerate in energy.
6) As a consequence of 5) the decay modes for metastable strangelets are numer-
ous. Lifetimes are not predictable at present, but could well be larger (due
to Pauli-blocking) than those of the strange hadronic matter discussed by
Stocker in these Proceedings, thus providing a possible experimental distinc-
tion (also, strange hadronic matter can not be absolutely stable in contrast to
strangelets).
The conclusions above are mainly based on studies within the simplest version
of the MIT bag model. Eects of zero-point energy and nite 
s
have only been
included in a crude fashion, and actual QCD calculations are beyond reach. Real
strangelets can have non-spherical shape. They are created at a high temperature
(which tends to increase the energy per baryon). Et cetera.
Clearly our theoretical understanding of strangelets is still in a rather primitive
state. What we really need before making more complicated models is experimental
data!
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